The methionine analogue, a-methylmethionine, inhibits bacterial growth, but its action is overcome by methionine, homocysteine, and cystathionine. The effect of the analogue on growth is attributed to its ability to mimic methionine as a feedback inhibitor of the first enzyme specific to methionine biosynthesis. This conclusion is based on the findings that (i) a-methylmethionine inhibits excretion of 0-succinylhomoserine, the product of the first enzyme, by a methionine auxotroph unable to convert succinylhomoserine to cystathionine, and that (ii) the enzyme homoserine 0-transsuccinylase is inhibited by a-methylmethionine in extracts of Escherichia coli. a-Methylmethionine also inhibits methionyl-ribonucleic acid synthetase in extracts, but this inhibition probably does not affect growth.
The initial enzymatic reactions leading to the formation of methionine in microoganisms, and the importance of methionine in regulating its synthesis, have been reported in recent investigations (1, 4, 5, (12) (13) (14) . Methionine represses the enzymes in this pathway (4, 5, 14) and inhibits the activity of homoserine O-transsuccinylase, the first enzyme specific to the pathway (6, 14) . Several years ago, the methionine analogue amethylmethionine was reported to inhibit bacterial growth (10, 11) , but the mechanism of its action was not investigated. Since amino acid analogues have often provided valuable information on the role of an amino acid in regulating its biosynthesis, studies with a-methylmethionine were undertaken. Evidence is presented in this paper that a-methylmethionine inhibits growth by mimicking methionine as an inhibitor of 0-succinylhomoserine formation.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strain CW3747 is a methionine-requiring mutant of Escherichia coli K-12, obtained from A. Torriani, Massachusetts Institute of Technology. This mutant lacks cystathionine y-synthetase (unpublished data). C1oF88, obtained from A. Garen, Yale University, has no methionine requirement, and was used as a wild-type strain of K-12. Strain 653 is a wild-type K-12 strain from the laboratory of E. Goldschmidt, University of Texas; it was obtained from P. Hartman, Johns Hopkins University. Cells were grown at 37 C on a rotary shaker-bath, and growth was followed with a Beckman spectrophotometer equipped with a Gilford absorbance meter. An optical densitv of 0.1 at 550 m, corresponded to 108 cells/ml.
Medium. The medium contained (grams per liter): KH2PO4, 5.32; K2HPO4, 10.6; and (NH4)2SO4, 2.0. The pH was adjusted to 7 with KOH. MgSO4-7H20, glucose, and thiamine were added after autoclaving, to final concentrations of 0.2, 2.0, and 0.005 mg/ml, respectively.
Assay for 0-succinylhomoserine. The formation of O-succinylhomoserine was measured by the conversion of 3H-homoserine to 3H-succinylhomoserine. These compounds are readily separated on a Dowex-1-acetate column (12) . Samples of 1 or 2 ml at neutral pH were applied to a 2-ml Dowex-1-acetate column; 10 ml of water was added to elute homoserine, ana succinylhomoserine was then eluted with 10 ml of 0.2 M acetic acid. Samples (0.5 ml) were added to a vial with 15 ml of a toluene solution containing (per liter): 375 ml of ethylene glycol monomethylether, 9.3 g of 2,5-diphenyloxazole, and 30 mg of 1 ,4-bis-2-(4-methyl-5-phenyloxazolyl) benzene; radioactivity was determined by use of a Packard liquid scintillation counter.
Preparation of extracts. Washed cells were suspended in 0.05 M potassium phosphate buffer (pH 7.6) containing 1.0 mM dithiothreitol, and were exposed to sonic disruption for 1 min at 0 C (Biosonik). Cell debris was removed by centrifugation. Extracts for assay of the methionyl-ribonucleic acid (RNA) synthetase were prepared from E. coli 653 by the method of Muench and Berg (9) . The fraction eluted from a diethylaminoethyl cellulose column was utilized in the assay. Protein was determined by the method of Lowry et al. (7) . 
REsuLTs
Effect of a-methylmethionine on bacterial growth. The addition of 0.01 mm a-methylmethionine to a culture of wild-type E. coli growing in minimal medium completely inhibited growth ( Fig. 1) . Methionine, as well as cystathionine and homocysteine, two intermediates in methionine biosynthesis, completely overcame this inhibition. At low concentrations of amethylmethionine, growth inhibition was less severe; a-methylmethionine at 0.001 mm increased the doubling time approximately 30%. The pattern of growth inhibition and of recovery suggested that ca-methylmethionine inhibits methionine biosynthesis, and that inhibition occurs at a step prior to the formation of cystathionine.
Excretion of succinylhomoserine by CW3747. The first enzyme specific to methionine biosynthesis, homoserine O-transsuccinylase, is inhibited by methionine (6, 14) . Experiments were designed to determine whether a-methylmethionine exerts its inhibitory effect on growth by inhibiting this enzyme. The activity of homoserine O-transsuccinylase in growing cells can be measured in a mutant of E. coli that lacks cystathionine ysynthetase, the enzyme that converts succinylhomoserine to cystathionine (12) . This mutant excretes succinylhomoserine into the medium when its growth rate is limited by the amount of methionine available. When homocysteine (12) or cystathionine was provided as a source of methionine, the intracellular level of methionine was low, and succinylhomoserine was excreted (Table 1) . Essentially no succinylhomoserine was excreted if methionine was present in the growth medium of the mutant or by cells that did not have a defect in methionine biosynthesis ( Table 1) .
The excretion of succinylhomoserine as a INHIBITION BY a-METHYLMETHIONINE Paper chromatography of a sample of the material in n-butanol-propionic acid-water (47:22:31) revealed one ninhydrin-positive spot which also contained all of the radioactivity. The RF value (0.37) agreed with that reported for O-succinylhomoserine by Rowbury (12) . After acid hydrolysis (2 N HCl for 2 hr at 100 C), the radioactive material was converted to a compound chromatographically identical with homoserine.
b Expressed as millimicromoles per milliliter of culture. function of tirne was followed in the methioninerequiring mutant (Fig. 2) . The addition of either methionine or of a-methylmethionine to the culture inhibited excretion almost immediately. The levels of a-methylmethionine required to prevent excretion were similar to those affecting bacterial growth (Table 2 ). a-Methylmethionine at 0.01 mM inhibited excretion of succinylhomoserine by more than 80%, and completely inhibited growth (Fig. 1) . Concentrations of amethylmethionine of 0.25 ,uM or less had essentially no effect on growth and little or no effect on excretion.
Homoserine O-transsuccinylase in crude extracts. The enzyme homoserine O-transsuccinylase forms the succinyl ester of homoserine from succinyl CoA and homoserine (13) , and enzymatic activity has been assayed previously by the ability of succinylhomoserine to form cystathionine (13, 14) or by the release of CoA (6) . An assay based on the formation of 3H-labeled succinylhomoserine was employed in the present work. Extracts prepared from a methionine-requiring mutant grown with cystathionine Methionine (0.1 mM, 0) was added to one flask; a-methylmethionine (0.1 mm, A) was added to the secondflask; no further addition was made to the third flask (0). Samples (2 ml) were removed from the culture at the indicated times and centrifuged; the clear supernatanit fluid was then passed through a Dowex-1-acetate column.
had levels of this enzyme fivefold higher than extracts from cells grown with methionine (Table  3) . Derepressed enzyme levels were also obtained in extracts from wild-type cells grown in the presence of 0.001 mm a-methylmethionine, a concentration which caused a 30% decrease in growth rate. The increase in enzyme level is presumed to be a response to the decrease in the intracellular level of methionine caused by the inhibition of methionine formation.
Extracts were prepared from the methioninerequiring mutant grown with cystathionine as a source of methionine, and the effect of methionine and of a-methylmethionine on homoserine 0-trans uccinylase was tested (Table 4) . Enzymatic activity was inhibited by methionine, a result consistent with previous reports (6, 14) , and by a-methylmethionine. The concentration of these amino acids required to show inhibition of this enzyme in extracts was substantiaUy higher than that required in growing ceUs. This result may be explained by the recent report that, in partially purified extracts, inhibition of the enzyme by VOL. 94, 1967 Fig. 2 . a-Methylmethionine, at the concentrations indicated, was added 1 hr after the addition of 3H-homoserine. The amount of succinylhomoserine excreted into the medium between 1 and 2 hr was determined. In experiment I, the cell density at zero-time was 1.8 X 108/ml; in experiment II, the initial cell density was 2.2 X 108/ml. b Expressed as millimicromoles per milliliter per hour. methionine is greatly enhanced by the addition of S-adenosylmethionine (6) . S-adenosylmethionine may also act synergistically with a-methylmethionine.
Effect ofa-methylmethionine on methionyl-RNA synthetase. In extracts of E. coli, a-methylmethionine inhibited the rate of attachment of methionine to transfer RNA. The kinetics of inhibition suggest that a-methylmethionine is not transferred to RNA, as the final level of methionyl-RNA formed was not significantly lowered (Fig. 3) .
It was of interest to determine whether ca- methylmethionine could inhibit growth by affecting methionyl-RNA synthetase. To test this possibility, growth of the methionine auxotroph CW3747 was followed, with cystathionine as the source of methionine. Under this condition, the intracellular level of methionine should be low and a-methylmethionine would not be expected to interfere with the biosynthesis of methionine from cystathionine. Addition of a-methylmethionine at the relatively high concentration of 1.0 mm had only a transient effect on growth (Fig. 4) 
